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Abstract 
One of key means on study coupling relationship between hydraulic system and electromechanical system 
is that build  the corresponding relationship between guide vane motion and disturbance occurred by 
hydro turbine generating units and power network, that is called as tracking response characteristics of 
guide vane. This paper analyzes the basic characteristics and mathematic model of guide vane motion 
based on classic structure hydro turbine generating units model, in which include governor, excitation 
controller, hydro turbine and generator, and simulates guide vane motion in practical operating. At last, 
the active power regulations are simulated. According to simulation curves, build tracking response 
model of guide vane to active power regulation, and define tracking characteristic coefficients and give its 
calculation method. Simulation results show that proposed tracking model has well self-adaptive ability 
due to include basic motion characteristics and is effective. 
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1. Introductions 
Because large hydro turbine generating units (HTGU) has large size and weak stiffness, many 
problems are revealed in practical operation. From view of multi factors coupling of hydraulic, 
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mechanical and electric, study dynamic mechanism for HTGU becomes a focus recently. In the coupling 
relations of three types, studies for the coupling of mechanical and electric, especially influences of 
unbalanced electromagnetic force and magnetic saturation, are more and many achievements are obtained 
in [1-4]. In coupling of hydraulic and mechanical, many problems are studied from view of macroscopic 
and microscopic, for example, the influence of hydraulic system in different type in [5,6], vibration and 
damage causing by fluid-solid coupling in [7,8], and so on. In coupling of hydraulic and electric, study 
achievements are mainly qualitative analysis currently, for example, hydraulic Transients impact on 
power system [9-10]. From view of the structure of HTGU, the transient regulation of HTGU causing by 
active regulation or disturbance would be reflect on the servomotor motion of guide vane. Thus the 
motion law of guide vane is a key of the coupling of hydraulic and electromechanical. If the regulation 
amplitude of HTGU could be calibrated to the feature motion of guide vane, which could be taken as a 
moving boundary of the diallel cascade flow around, so fluid-solid coupling theory could be applied to 
calculate and analyze their coupling relationship, that is, the direct calculating way of between the 
regulation amplitude of HTGU and hydraulic system is built. 
On the other hand, one of objects is electric system while study coupling relation of hydraulic and 
electromechanical. The HTGU doesn¶t connect with power system in starting or stopping transient 
process, so study their coupling is just meaningful while HTGU connects with power system. From view 
of HTGU regulation reason, regulation can be divided into active regulation and disturbance. The active 
regulation include active power and given frequency regulations in governor, and reactive power and 
given voltage in excitation controller. Because excitation controller regulation GRQ¶t result following 
motion of governor and guide vane, so this paper only studies the governor active regulation.   
The purpose of this paper is that build the tracking response characteristics of guide vane for HTGU 
active power regulation. For this end, the simulation object is composed by HTGU controller with classic 
structure and HTGU object model. Combining simulation with theory analysis, modeling method which 
extract motion feature of guide vane from simulation data is proposed, and tracking model of guide vane 
to active power regulation is built. Built model is precise and visual. 
2. Guide vane motion 
The differential equation of electro-hydraulic servo system is follow: 
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Where Ty is the time constant of main servomotor in seconds, y is the main servomotor displacement in 
per units, y0 is an initial of y.  
Because the electro-hydraulic converter is a linear element, the input control u can be the output 
signal of governor 
Assumption 1: Ignored mechanical clearance, the connection between main servomotor and guide 
vane is rigid approximately, and is a linear element, the main servomotor displacement in per unit is equal 
to guide vane opening in per unit. 
In later section, variable y is used to denote the guide vane opening in per unit. 
In modern governor, the control quantity is calculated once in an execution period, and keeps 
invariant until next execution period. This control signal is equivalent to step signal, so follow assumption 
can be obtained.  
Assumption 2: Input control u can be decomposed into a series of step ui, and everyone step ui is a 
constant, so equation (1) can be solved. 
   According to superposition principle of linear system, the solution of (1) can be expressed as follow: 
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The tracking characteristic of guide vane is related to controller structure and control strategy. To 
avoid any ambiguity, the controller structure used in this paper is shown as Fig.1. 
 
Fig.1 Controller structure and frame of HTGU 
In Fig.1, fc is the frequency of network, fg is the HTGU frequency, pc is the given active power, pe is 
the generator active power, ut is the generator terminal voltage, Ef is the output control of excitation 
system, all parameters is in per unit.  
The dead zone of frequency and power are ignored in Fig.1 to simplify this study, which influence for 
research result is small, and make our study could focus on main objective. 
The control u can be directly written from Fig.1: 
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Where KP, KI and KD are proportion, integral and differential constants respectively, T1n is the time 
constant of practical differential element in second, bp is the regulating rate, ǻf=fcfg is the difference of 
frequency in per unit, ǻp=pcpe is the difference of active power in per unit.  
In modern governor, the control quantity is calculated once in an execution period. Assumption the 
calculation period is T, and then PID algorithm in position is follow: 
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The excitation controller is PI control, assumption calculation period is T1, and PI algorithm in 
position is follow: 
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Where: KP_Ef and KI_Ef are proportion and integral constants respectively. 
The tracking characteristics of guide vane are reflected by (2), (4) and (5). The motion of guide vane 
relates with many factors such as PID control parameter, above description ways are not visual. So, a new 
description will be obtained in later section. 
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3. Hydro turbine generating units model 
3.1. Hydro turbine model 
The nonlinear hydro turbine model, which is a simple hydraulic turbine, with a penstock, elastic water 
column, is follow: 
u)()( vgvfv  
x
                                                                       (7) 
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And the torque equation is follow 
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Where v=[v1, v2, q, y]T,  v1 and v2 are intermediate variable , and no concrete physical meaning, q is the 
turbine flow in per unit, qnl is the no-load flow in per unit, qz is the flow at maximum efficiency point at 
any head in per unit, fp is the loss coefficient of hydraulic system, h0 is the static head of hydro turbine in 
per unit, yr and y0 is the guide vane opening at rated and initial in per unit, Zn is the hydraulic surge 
impedance of penstock in per unit, Te is the elastic time in seconds, At´ is the gain of hydro turbine, 
Ȗ=9.81, Ȧ is the HTGU angular speed in per unit, hǻ is called as head conversion coefficient, kv and kh´ are 
coefficient of the volume loss and flow channel loss characteristic respectively, ǻpz0 is the impact loss at 
no-load point in per unit, n1 is the fitting coefficient of impact loss in hydro turbine, Ty is the time 
constant of main servomotor in second. 
3.2. Generator model 
Three orders generator model is follow: 
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Where į is the rotor angle in rad/s, ȦB=314rad/s is the angular speed basic value, Eq' is the internal 
transient voltage in per unit, Tj is the inertia time constant of generator set in seconds, D is the damping 
coefficient, us is the voltage of infinite-bus in per unit, XG=Xd+XT+XL, XG'=Xd'+XT+XL , Xd and Xd' are 
the d-axis synchronous reactance and the transient reactance of the generator respectively in per unit, XT 
is the reactance of transformer, XL is the reactance of transmission line, XT=Xq+XT+XL˗Xq is the q-axis 
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synchronous reactance of the generator, Xf is the reactance of excitation winding, Xad is the d-axis 
armature reaction reactance, Td0' is the time constant in seconds.  Ef is the output of excitation controller. 
4. Active power regulation 
4.1. basic tracking  model 
Governor controller parameters: KP=5.0, KI=2.5, KD=1.3, T1n=0.2s, bp=0.04, T=0.1s. 
Excitation controller parameters: KP_Ef=1.0, KI_Ef=1.5, T1=0.1s. 
From the forms of (2), (4) and (5), the motion law of guide vane is an exponential form, and the 
damping rate relates to controller parameters KI and bp. 
Initial operating: pc=0.5, fc=1. Given different KI and regulation amplitude ǻpc, responses of guide 
vane opening are shown as Fig.2. 
 
 
Fig.2  Responses of guide vane opening 
According to curves shape in Fig.2, we can compose the fitting function as follow: 
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Where k1 and k2 are defined as the tracking characteristics coefficient of guide vane for active power 
regulation. 
Coefficients k1 and k2 can be obtained from simulation data by using follow equations: 
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The y is the transient end value of guide vane in per unit. The k2 may be an average value in multiple 
calculation to decrease error. 
For example, in this simulation p0=0.5, ǻpc˙0.3ˈthe obtained tracking model is follow: 
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The comparing between simulation data with calculation data with (15) is show as Fig.3. 
 
Fig.3  Comparing simulation and calculation model 
4.2. Precise tracking  model 
The law of the error between simulation data and calculation data with tracking model has been 
found in multiple simulations, and the error shape is shown as Fig.4. 
 
Fig.4.  Error curve of tracking model  
The HTGU is a classic non-minimum phase system, which the inverse regulating effect is its basic 
feature. The error shape shown in Fig.4 indicates that the non-minimum phase feature of HTGU is 
included into motion of guide vane. Thus we need to define a model, which is called as error feature 
model of HTGU, to fit this error. 
The curve shape in Fig.4 is a classic over damping non-period motion, and its motion equation can be 
expressed as follow: 
trtr
m eCeCxx 21 21
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Where x and xm is the motion amplitude and end value respectively, r1 and r2 are damping coefficients. 
The limit equation at t=0 is: 
210 CCxx m                                                                                 (17) 
Selecting feature point t1 and it two sides¶ points t2 and t3, three equations can be obtained by 
substituting three points data into (19), and combine with (20), then a nonlinear equation group is 
composed. It can be solved with the fsolve function in Matlab. 
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In practical modelling, the distances between t2, t3 and t1 need to be adjusted according to curve shape 
to obtain precise fitting model. 
The precise tracking model of guide vane to active power regulation can be expressed as follow: 
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For example, in this simulation p0=0.5, ǻpc˙0.3ˈthe obtained precise tracking model is follow: 
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The comparing between simulation data and calculation data with (22) is shown as Fig.5 
 
Fig.5. Comparing between accurate model and simulation data 
 
In Fig.5, the symbol ³*´ notes calculation data with (19). It shows that fitting model has high accurate. 
4.3. Adaptability of  tracking  model 
To verify the adaptability to this HTGU of tracking model (19), the model (19) are simulated under 
difference ǻpc while controller parameters keep invariant, and feature parameter changes of tracking 
model are list in table 1. 
Table 1. Change of tracking model parameters 
ǻpc k1 k2 C1 C2 r1 r2 
0.4 0.8061 0.7654 ˉ0.0563 0.0558 0.2709 1.1314 
0.3 0.7896 0.7783 ˉ0.0433 0.0429 0.2906 1.1280 
0.2 0.7752 0.7880 ˉ0.0293 0.0291 0.3107 1.1353 
0.1 0.7626 0.7949 ˉ0.0144 0.0143 0.3304 1.1727 
ˉ0.2 0.7368 0.7937 0.0394 ˉ0.0391 0.4359 1.0149 
ˉ0.3 0.7304 0.7898 0.0679 ˉ 0.4910 0.9902 
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0.0676 
From table 1 shows, the key parameter reflected tracking performance k2 and feature parameters of 
error feature model of HTGU keep invariant approximately in various of regulation amplitude of active 
power. But the k1 change is a little with the change of regulation amplitude, this result is consistent with 
that of reflecting by Fig.4. If it is necessary, this item might be fitted furthermore.    
Above results indicates that the tracking model described (18) is appropriate and has well adaptability 
to this HTGU. 
5. Conclusions 
Combining simulation with theory analysis, tracking models of guide vane to active power regulation 
are built in this paper. Built models include main feature of guide vane motions and have high precise, 
which can be used to calibrate active power regulations to the motion of guide vane, so the objective of 
this paper is achieved. The structure feature of HTGU and controller is reflected by defined tracking 
characteristic coefficient, which make fitted model have well adaptability. Extract feature of motion and 
modelling method proposed in this paper is suitable to other complex system.      
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